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Summary
The lower rhombic lip (LRL) is a germinal zone in the
dorsal hindbrain productive of tangentially migrating
neurons, streaming extramurally (mossy fiber neu-
rons) or intramurally (climbing fiber neurons). Here
we show that LRL territory, operationally defined by
Wnt1 expression, is parceled into molecular subdo-
mains predictive of cell fate. Progressing dorsoven-
trally, Lmx1a and Gdf7 expression identifies the pri-
mordium for hindbrain choroid plexus epithelial cells;
Math1, for mossy fiber neurons; and immediately ven-
tral toMath1 yet withinWnt1+ territory, a climbing fiber
primordiumdominatedbyNgn1-expressingcells.Elim-
ination of Pax6 results in expansion of this Ngn1+ pro-
genitor pool and reduction in theMath1+ pool, with ac-
companying later enlargement of the climbing fiber
nucleus and reductions in mossy fiber nuclei. Pax6
loss also disrupts Msx expression cell-nonautono-
mously, suggesting Pax6 may influence LRL progeni-
tor identity indirectly through potentiating BMP sig-
naling. These studies suggest that underlying the
diversity and proportions of fates produced by the
LRL is a precise suborganization regulated by Pax6.
Introduction
Vital to the development of any vertebrate brain region is
the generation of specific neuron subtypes in appropri-
ate numbers, at defined times, and targeted to particular
locations. Programs enacted to coordinate these events
have begun to be defined, with advances being made,
for example, through studies of early-stage spinal neural
tube (reviewed in Briscoe and Ericson, 2001; Helms
and Johnson, 2003). Less well understood is how such
events are regulated in germinal zones that remain ac-
tive late in development and which distribute neurons
through tangential rather than radial modes of migration.
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versity Medical Center, New York, New York 10032.Yet such germinal zones contribute substantially to the
diversity of neuron types in the mature brain (Corbin
et al., 2001) and likely do so by implementing patterning
mechanisms in novel ways given their unique properties
and the distinct milieu of mid-to-late gestation neural tis-
sue. Here, we test this possibility through studies of the
germinal zone known as the lower rhombic lip (LRL).
The rhombic lip is a germinal matrix in the dorsal hind-
brain productive of a diverse and highly distributed array
of brainstem and cerebellar cell types (Machold and
Fishell, 2005; Wang et al., 2005; and as reviewed in
Wingate, 2001) during later stages of development
(from approximately embryonic [E] day 10 to 17 in the
mouse) (Altman and Bayer, 1987; Ellenberger et al.,
1969; Taber Pierce, 1966). Situated at the interface of
the neural tube and the roof plate (rp), the rhombic lip
(rautenlippe [His, 1891]) rims the opening to the fourth
ventricle (Figure 1). It is separated into upper (cerebellar)
and lower (hindbrain) domains in relation to rhombo-
meres—the morphological and molecular segments
that subdivide the hindbrain along its anteroposterior
(AP) axis (reviewed in Lumsden and Krumlauf, 1996).
The dorsal-most neuroectoderm of rhombomere (r) 1
comprises the upper rhombic lip (URL), while that of
r2–r8 comprises the LRL. Through grafting studies in
avian systems (Tan and LeDouarin, 1991), as well as ge-
netic fate mapping in mice (Awatramani et al., 2003;
Rodriguez and Dymecki, 2000; Wang et al., 2005), the
LRL has been shown to generate a diversity of cell types
inclusive of the neuron subtypes of the precerebellar af-
ferent system and the cochlear nuclear complex, as well
as epithelial cells of the fourth ventricle choroid plexus.
Rhombic lip derivatives are highly migratory, typically
streaming tangential to, rather than along, the radial neu-
raxis. Indeed, it is the appearance of tangentially migrat-
ing cells that defines the emergence of the rhombic lip
as a distinct germinal zone (Essick, 1912; Harkmark,
1954; His, 1891). Despite knowledge of birth time (final
mitosis) and final fate of many LRL derivatives, little is
known about the actual progenitor cells comprising the
LRL and even less is known about mechanisms by which
the identity and relative proportions of derivative line-
ages are coordinately regulated. For example, given
the long-distance and tangential migrations of LRL de-
rivatives, it is unclear whether their fate is specified
largely through mechanisms enacted in the LRL or in-
stead acquired later through cues encountered on route.
From our previous genetic fate mapping studies, the
existence of at least two molecularly distinct classes
of precerebellar progenitor cells within the LRL can be
inferred (Rodriguez and Dymecki, 2000). High-level
Wnt1 expression marks those progenitors within the
LRL destined to project mossy fiber axons to cerebellar
granule cells; those neurons that project climbing fiber
axons to cerebellar Purkinje cells appear to derive
from a separate but presumed LRL subpopulation.
This inferred subdivision within the precerebellar pri-
mordium has been supported by more recent studies
that, using perdurance of b-galactosidase (b-gal) activ-
ity from a Math1lacZki allele, show Math1-expressing
Neuron
934Figure 1. Schematics Showing Rhombic Lip
Position Relative to the Developing Hindbrain,
Fourth Ventricle, Cerebellum, and Midbrain
(A) Dorsal view of the E11.5 neural tube with
the neuroepithelium of the rhombic lip shown
in dark gray; the roof plate (rp) is shown in
light gray. Rhombic lip situated in r1 is re-
ferred to as the upper (or cerebellar) rhombic
lip (URL); that spanning r2–r8 comprises the
lower (or hindbrain) rhombic lip (LRL). Arrows
indicate the tangential migratory behavior of
LRL derivatives. Dashed line indicates the ax-
ial level of the idealized transverse section
depicted in (B). Boxed area in (B) identifies re-
gion within transverse sections shown in sub-
sequent figures. cb, cerebellum; hb, hind-
brain; mb, midbrain; 4v, fourth ventricle; vz,
ventricular zone; mz, the postmitotic mantle
zone. (C) Idealized coronal section of the
E14.5 caudal hindbrain.progenitors within the LRL as producing a subset of pre-
cerebellar neuron types (Wang et al., 2005). Together,
these findings raise the possibility that the LRL is com-
prised of separable progenitor populations coded to
generate specific cell types.
Progenitor cell parcellation can occur along spatial
and/or temporal axes. Because chick-quail chimera
studies show overlap in AP origins for climbing and
mossy fiber neurons (Cambronero and Puelles, 2000),
AP differences alone are insufficient to distinguish these
progenitor pools. Temporal differences are also insuffi-
cient given that birthdating studies show overlapping
neurogenetic intervals for climbing and mossy fiber neu-
ron production (Altman and Bayer, 1987; Ellenberger
et al., 1969; Taber Pierce, 1966). For these reasons, we
investigate here whether progenitor cells for precerebel-
lar subtypes partition along the dorsoventral (DV) axis of
the LRL.
We also investigate whether the LRL possesses
mechanisms for regulating progenitor cell identity that
are not employed by adjacent spinal neural tube, for ex-
ample. As one possible mechanism, we have focused on
the role of the homeodomain (HD) transcription factor
Pax6. First, Pax6 is expressed in LRL territory through-
out its prolonged neurogenetic interval (Engelkamp
et al., 1999) while absent from the dorsal-most region
of the spinal neural tube—there Pax6 is restricted to
ventrointermediate progenitors (Ericson et al., 1997;
Walther and Gruss, 1991). Second, inactivating muta-
tions lead to reductions in at least a subset of LRL deriv-
atives (Engelkamp et al., 1999). Third, in other germinal
zones, including the ventrointermediate hindbrain,
Pax6 is capable of regulating progenitor cell identity
(Ericson et al., 1997; Osumi et al., 1997).
Here we operationally define the DV extent of the LRL
asWnt1+ territory and show, using Cre- and paired Flpe/
FlpL-based genetic fate mapping strategies, that this
region is highly patterned. Progressing dorsoventrally
within the LRL appear separable progenitor pools for
CPe cells, precerebellar mossy fiber neurons, and pre-
cerebellar climbing fiber neurons. The CPe primordium
is characterized by Lmx1a and Gdf7 expression; the pri-
mordium for brainstem mossy fiber nuclei is character-
ized by Math1 expression. The climbing fiber primor-
dium is shown for the first time to map immediatelyventral to the Math1+ subdomain with a portion lying
within the remaining Wnt1+ territory – a region domi-
nated by Ngn1-expressing cells. Through studies of
Pax6 null mice, we provide evidence that cell allocation
among these domains is influenced by Pax6; its elimina-
tion results in an expansion of the LRL Ngn1 territory
along with a reduction in the Math1 territory. Consistent
with this shift and the derivative cell types predicted by
the genetic fate maps, we show that Pax6 mutants ex-
hibit enlargement of the climbing fiber nucleus and re-
ductions in all four major mossy fiber nuclei. We also
show that Pax6 affects LRL Msx gene expression in
a cell nonautonomous fashion, suggesting a role for
Pax6 in potentiating BMP signaling. These studies
show that the LRL has a spatial and molecular suborga-
nization along its DV axis predictive of cell fate, demon-
strating that even germinal zones that arise late and dis-
tribute neurons great distances can be highly patterned.
Moreover, these studies suggest a previously unappre-
ciated role for Pax6 in neural patterning, acting to medi-
ate progenitor cell allocation among LRL subdomains,
thereby coordinating, at least in part, the relative propor-
tions of climbing and mossy fiber afferents.
Results
Gene Expression Domains Subdivide the Lower
Rhombic Lip
Toward defining the molecular nature of LRL progenitor
cells associated with precerebellar fates, we analyzed
expression of the transcription factor-encoding genes
Lmx1a, Math1, and Ngn1 relative to each other at the
r6–r8 level of the hindbrain and in comparison to that
of Wnt1 (Figures 2A–2D). Caudal LRL (axial levels span-
ning r6–r8) was chosen for analysis because at this level
both mossy and climbing fiber neurons are thought to be
produced, as revealed by avian rhombomere grafts
(Ambrosiani et al., 1996; Cambronero and Puelles,
2000) as well as our genetic fate maps in mice (A.F.F.,
R.B.A., and S.M.D., unpublished data).
Comparison of mRNA detected with the use of in situ
hybridization on adjacent hindbrain sections at E10.5–
E12.5 indicated that expression of Lmx1a, Math1, and
Ngn1 individually identified three largely nonoverlapping
domains in the caudal Wnt1+ LRL (Figure 2). Lmx1a
Pax6, bHLH Factors, and Rhombic Lip Fate
935Figure 2. Gene Expression Domains Subdivide the Lower Rhombic Lip Dorsoventrally
(A–T) Pattern of Wnt1, Lmx1a, Math1, Ngn1, and Pax6 mRNA at the r6–r8 level of the mouse E10.5–E12.5 hindbrain and at the lower cervical level
of the E11.5 spinal neural tube. Sets of adjacent transverse cryosections include (E), (I), and (M); (B), (F), (J), (N), and (R); (C), (G), (K), (O), and (S);
and (H), (L), and (P). Shown in each panel is the region of section corresponding to the boxed area cartooned in Figure 1B, which contains the
LRL; dashed lines demarcate the ventricular zone (vz) from the adjacent postmitotic mantle zone (mz) and roof plate (rp). Horizontal white dotted
line denotes ventral extent of hindbrain Wnt1 territory. (A–C) Hindbrain Wnt1 expression as demarcating LRL territory (bracketed region). (D)
Wnt1 domain in the spinal neural tube for comparison. (E–G) Lmx1a expression in the dorsal-most region of the LRL (open arrowhead) as
well as hindbrain roof plate (rp). In the spinal cord (H), Lmx1a expression restricts largely to the rp. (I–K) Math1 mRNA identifies LRL progenitor
cells (closed arrowhead) located immediately ventral to Lmx1a cells (open arrowhead). Math1 mRNA is also detectable in young progeny neu-
rons in the mz. (L) Math1 domain in the spinal neural tube for comparison. (M–O) Ngn1 mRNA identifies LRL progenitor cells (arrow) located im-
mediately ventral toMath1 cells (closed arrowhead). By E12.5,Ngn1mRNA levels diminish in the LRL (O) yet remain robust ventrally (inset, lower-
magnification view of entire section). (P) Ngn1 domain in the spinal neural tube for comparison. (Q–S) Pax6 mRNA in the LRL is detectable by
E11.5 (R) and intensifies by E12.5 (S). Upper inset in (R), DAPI fluorescence (intense white staining marks nucleoli) colocalizes with anti-Pax6
(red), showing that Pax6 in the LRL is nuclear. Dorsally located Pax6+ cells are undetectable in the spinal cord (T). Lower-magnification views
of each section (insets in [Q]–[T]) show robust ventral Pax6 expression. (U–Z) Pattern of Math1, Ngn1, and Hoxb4 mRNA at axial levels immedi-
ately rostral or caudal to the r6/r7 boundary. Schematic denotes rostral and caudal levels depicted in (U), (W), and (Y) and (V), (X), and (Z), re-
spectively. Math1 mRNA is observed along the full rostrocaudal axis in the hindbrain (U and V). Ngn1 mRNA in the dorsal hindbrain is detectable
only caudal (X) but not rostral (W) to the r6/r7 boundary as defined by Hoxb4 expression (Y and Z). Tissue asymmetry due to oblique sectioning
angle. Scale bar in (D) represents 10 mm for (A)–(T).expression encompassed the dorsal-most region of the
hindbrain ventricular zone (vz) (Figures 2E–2G, open
arrowhead) as well as the rp. The domain of Math1 ex-
pression resided immediately ventral to Lmx1a and en-compassed cycling cells in the vz (Figures 2I–2K, filled
arrowhead) and presumed progeny neurons in the im-
mediately lateral postmitotic mantle zone. Math1
mRNA detection resolved hybridization signal first in
Neuron
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Math1 is expressed at its highest levels as these LRL
progenitors leave the cell cycle. A domain of Ngn1
mRNA mapped just ventral toMath1 (Figures 2M–2O, ar-
row). WhileWnt1, Lmx1a, andMath1mark the full AP ex-
tent of the LRL (r2–r8), this dorsal Ngn1 domain was ob-
served only in caudal (r7–r8) LRL territory (Figures 2M,
2N, and 2X), as determined in relationship to the r6/r7
boundary marked by the anterior limit of Hoxb4 expres-
sion (Figures 2Y and 2Z). As in spinal neural tube, there is
a ventral domain of Ngn1 expression in the hindbrain
(Figure 2O, inset), but unlike the dorsal domain, it spans
the entire AP extent. By E12.5, Ngn1 mRNA levels dor-
sally were diminished (Figure 2O) whereas Math1 ex-
pression remained substantial (Figure 2K) until at least
E16.5 (data not shown). Thus, Lmx1a, Math1, and Ngn1
appear to be expressed in complementary patterns,
subdividing the E10–E12.5 caudal LRL along its DV axis
into three progenitor cell populations.
Given that inactivating mutations in Pax6 lead to de-
fects in LRL derivatives (Engelkamp et al., 1999), we
next examined the temporal and spatial pattern of Pax6
expression in the dorsal hindbrain and spinal neural
tube. Dorsal Pax6 expression was exclusive to the hind-
brain and readily detectable bywE11.5 (Figures 2Q–2T).
Along the DV axis of the LRL,Pax6 expression coincided
with the Math1 and Ngn1 domains. Pax6 expression re-
mained detectable in the LRL through wE17 (data not
shown). Thus, high dorsal Pax6 expression spatially dis-
tinguishes hindbrain from spinal neural tube and, within
the dorsal hindbrain, temporally discriminates late
(wE11–E17) from earlier-acting germinative neuroepi-
thelium.
Brainstem Choroid Plexus Epithelial Cells, Mossy
Fiber Neurons, and Climbing Fiber Neurons Each
Derive from Distinct Gene Expression Subdomains
of the LRL
The identification of molecularly distinct progenitor
pools arrayed along the DV axis of the LRL raised the
question of whether these pools give rise to discrete
cell types. To explore this, we performed two types of
genetic fate mapping experiments, both involving the
use of site-specific recombinases to switch-on lineage
tracers in progenitor cells defined by gene expression
(reviewed in Branda and Dymecki, 2004).
In the first experiment, designed to identify progeni-
tor-progeny cell differences along the DV continuum of
the LRL, we exploited our observation that Wnt1
mRNA is expressed in a graded fashion in the LRL (dor-
sal LRL, Wnt1 mRNAhigh; ventral LRL, Wnt1 mRNAlow)
(Figure 3B) and our identification of differences in re-
combination efficiencies between two Flp variants,
Flpe (Buchholz et al., 1998; Rodriguez et al., 2000) and
FlpL (Buchholz et al., 1998; Dymecki, 1996; Rodriguez
and Dymecki, 2000). Two kinds of transgenic mice
were employed: one in which Wnt1 regulatory elements
(Echelard et al., 1994) directed expression of the high-
activity recombinase variant Flpe (Awatramani et al.,
2003), capable of achieving indicator transgene recom-
bination even when expressed at low levels and there-
fore predicted to switch-on lineage tracers throughout
the full DV extent of the LRL (in both Wnt1 mRNAhigh
and Wnt1 mRNAlow domains); a second in which thesame Wnt1 driver sequences were used to express the
low-activity variant FlpL (Dymecki and Tomasiewicz,
1998; Rodriguez and Dymecki, 2000), capable of achiev-
ing recombination only when expressed at high levels
and therefore predicted to activate lineage tracers only
in the dorsal (Wnt1 mRNAhigh) region of the LRL. Each
of these transgenics was then coupled separately with
either the indicator transgene R26::FLAP (Awatramani
et al., 2003) or HMG::FRTZ (Rodriguez and Dymecki,
2000) in which farnesylated (membrane-localized)
eGFPF or a nuclear-localized b-gal, respectively, can
be switched-on as a lineage tracer in response to Flp
activity (Figure 3A).
In E11.5 Wnt1::Flpe;R26::FLAP doubly transgenic em-
bryos (a stage at which climbing and mossy fiber neu-
rons and CPe are generated), eGFPF expression was
activated throughout the extent of the graded Wnt1 do-
main (Figure 3C), including the more ventral (Wnt1
mRNAlow) aspects. Identification of labeled cells in the
adult brainstem of either Wnt1::Flpe;R26::FLAP (data
not shown) or Wnt1::Flpe;HMG::FRTZ mice (Figures 3F
and 3I) showed that derivatives of the Wnt1::Flpe terri-
tory (marked by nuclear b-gal) include cells of the inferior
olive climbing fiber nucleus (ION) (Figure 3F), cells pop-
ulating the precerebellar mossy fiber nuclei, including
the pontine gray (PGN), reticulotegmental (RTN), lateral
recticular (LRN), and external cuneate (ECN) nuclei (the
PGN as representative is shown in Figure 3I), and cells
of the fourth ventricle CPe as established previously
(Awatramani et al., 2003) (data not shown and summa-
rized in Figure 3K).
By contrast to that observed when Wnt1::Flpe trans-
genics were employed, in Wnt1::FlpL;R26::FLAP em-
bryos, eGFPF expression was restricted to a dorsal
subdomain within the LRL where Wnt1 and FlpL were
expressed most highly (and even within this area recom-
bination was stochastic) (Figure 3D). Absent from the
Wnt1::FlpL;HMG::FRTZ fate map were marked cells
within the ION (Figure 3G and Rodriguez and Dymecki,
2000). Thus, FlpL activity and high Wnt1 mRNA expres-
sion delineated a dorsal region within the LRL that gen-
erated only precerebellar mossy fiber neurons and CPe.
Conversely, an area characterized by Flpe (but not FlpL)
activity, by lower levels of Wnt1 mRNA, and by Ngn1 ex-
pression (compare Figure 2B with 2N) delineated a ven-
tral region within the LRL that generated precerebellar
climbing fiber neurons.
These Flpe/FlpL comparative fate maps suggest that
a spatial subdivision of progenitor cells relevant to fate
exists along the DV axis of the LRL. Moreover, they de-
fine a spatial domain within the LRL that gives rise to ION
climbing fiber neurons. Specifically, ION progenitors lie,
at least in part, in the Wnt1 mRNAlow region of the LRL.
Because the Wnt1 mRNAhigh domain of the LRL en-
compasses and therefore cannot resolve Lmx1a- from
Math1-expressing progenitors, and to extend the recent
Math1 fate maps (Wang et al., 2005) that were based on
transient expression of b-gal, we next used a Cre-based
genetic fate mapping strategy in which Math1-descen-
dant cells are marked by sustained production of b-
gal. To do this, we employed a transgenic (Matei et al.,
2005) in which Math1 sequences (Helms et al., 2000)
direct cre expression. In this mouse line, cre mRNA in-
deed mirrored that of endogenous Math1, although cre
Pax6, bHLH Factors, and Rhombic Lip Fate
937Figure 3. Differing Levels of Wnt1 Enhancer
Activity Identify Progenitor-Progeny Cell Dif-
ferences along the Dorsoventral Continuum
of the Lower Rhombic Lip
Site-specific recombination is used to switch-
on lineage tracers in progenitor cells defined
by expression of the Wnt1 gene. (A) Structure
of a generic Flp recombinase-responsive indi-
cator transgene. Flp-mediated recombination
of the FRT (black triangle) -flanked stop se-
quence results in expression of a reporter
molecule such as a farnesylated eGFP
(eGFPF) or nuclear b-galactosidase (b-gal).
Spatial control of indicator activation is con-
ferred by using Wnt1 regulatory elements to
drive Flp expression. Permanent expression
of the recombined indicator transgene in
both progenitor and progeny cells is achieved
by using a constitutive, broadly active pro-
moter (BAP) such as that associated with
theR26 locus. (B–J) Exploiting the graded na-
ture ofWnt1 expression in the LRL (B) and the
differences in recombination efficiencies be-
tween the two Flp variants, Flpe (C) and FlpL
(D), to identify progenitor-progeny cell differ-
ences in the LRL (E–K). (B) Transverse section
of an E11.5 hindbrain (r6–r8 level) shows that
Wnt1 mRNA expression in the LRL is graded,
with levels highest dorsally (Wnt1 mRNAhigh)
and lowest ventrally (Wnt1 mRNAlow). (C) Im-
munodetection of eGFPF shows activation
of the R26::FLAP indicator transgene
throughout the full DV extent of the LRL
Wnt1 domain (Wnt1 mRNAhigh and Wnt1
mRNAlow areas) when partnered with a
Wnt1::Flpe transgene. When coupled with
a Wnt1::FlpL transgene, R26::FLAP is acti-
vated only in the dorsal Wnt1 mRNAhigh do-
main (D). eGFPF detection in the mantle
zone (mz) reflects Wnt1-descendant cells.
On partnering HMG::FRTZ with Wnt1::Flpe,
b-gal-labeled cells were found in the inferior
olive climbing fiber nucleus (ION) (F), and
all mossy fiber nuclei (PGN [I], RTN, LRN,
ECN [K]); on partnering HMG::FRTZ with
Wnt1::FlpL, b-gal-labeled cells were found in
mossy (J) but not climbing fiber nuclei (G).
(K) Summary of Flpe/FlpL comparative fate
maps. Scale bar in (B) represents 40 mm.transcripts appeared to perdure longer in descendant
cells (Figures 4A and 4B). On partnering this Math1::cre
transgenic with the Cre-responsive indicator R26R (Sor-
iano, 1999) (in which the lineage tracer is cytoplasmic
b-gal) and analyzing postnatal brainstem, abundant la-
beled cells were found throughout all four major pre-
cerebellar mossy fiber nuclei as identified both anatom-
ically and molecularly (via expression of the Barhl1
homeobox gene (Bulfone et al., 2000; Li et al., 2004) (Fig-
ures 4D–4G and 4I–4L). These results support and ex-
tend the Math1lacZki allele findings (Wang et al., 2005)
in which cell marking by b-gal perdurance may have
proved limiting in its ability to fully assess contributions
to the LRN and ECN, likely because of their lengthy
travel time relative to the half-life of the produced b-
gal. Thus, all four major mossy fiber precerebellar sub-
types originate from theMath1 domain of the LRL. In fur-
ther support of this progenitor-progeny cell relationship,
cells emerging from the Math1 domain of the LRL harbor
both Math1 and Barhl1 mRNA (Figure 4C). Interestingly,the Math1::cre fate map showed only scattered cells in
the CPe (data not shown) and few to no labeled cells in
the ION (Figure 4M). From these collective findings,
Math1expressionappearsto identifyaprimordiumwithin
the LRL that includes cells predominantly fated to
become precerebellar mossy but not climbing fiber
neurons.
LRL neuroepithelium lying immediately dorsal to the
Math1 domain was characterized by the expression of
Lmx1a (Figure 2). Sharing this profile was the BMP-en-
coding gene Gdf7 (Figures 4N and 4O). As a proxy for
Lmx1a, Gdf7 regulatory sequences were used to drive
cre expression (Lee et al., 2000). At E11.5, a stage at
which both mossy and climbing fiber neuron production
occurs, we detected no ventrally migrating b-gal+ cells in
Gdf7::cre;R26R doubly transgenic mice (Figure 4P).
Rather, marked cells were observed in the Lmx1a/Gdf7
domain of the E11.5 LRL, the developing rp, and in post-
natal CPe cells (Figures 4P and 4Q), consistent with pre-
vious reports (Currle et al., 2005). Little marking was
Neuron
938Figure 4. Math1Enhancer Activity Identifies LRL Progenitors Fated to Populate Precerebellar Mossy Fiber Nuclei While Lmx1a andGdf7 Expres-
sion Identifies Primordium for Roof Plate and Choroid Plexus Epithelium
Mice harboring Math1::cre or Gdf7::cre and R26R transgenes were used to map neuronal lineages derived from Math1 (A–M) or Lmx1a/Gdf7
(N–S) -expressing progenitors within theLRL. (A andB) Serial hindbrain transverse sections (r6–r8 level) of E11.5Math1::cre;R26Rdoubly transgenic
embryos showing expression of cre mRNA (B) in a Math1 pattern (A). Dashed lines demarcate the ventricular zone (vz). Rightward insets show
lower-magnification views of each section. 4v, fourth ventricle. (A) shows Math1 mRNA expression in the LRL (bracket) and in the forming ex-
tramural migratory stream (EMS, arrows). (B) Section adjacent to that shown in (A) shows cre expression in the LRL and in the forming EMS.
Leftward inset shows b-gal activity on an adjacent section. (C) Double in situ hybridization shows that cells newly emerging from the LRL
Math1 domain (red) reside in the EMS (yellow) and harbor both Math1 (red) mRNA and the mossy fiber neuron marker Barhl1 mRNA (green). As-
terisk denotes fluorescence artifact associated with roof plate (rp) vasculature. (D–M) Coronal sections of postnatal day 3 brainstem from
Math1::cre;R26R doubly transgenic neonates. (D–M) Barhl1 mRNA reveals the location of precerebellar mossy fiber nuclei (D–G), and Rph3a
(rabphilin 3a) mRNA the climbing fiber inferior olivary nucleus (ION) (H). Schematics above illustrate the rostrocaudal level of shown sections
(boxed areas), with mossy fiber nuclei in dark blue and the climbing fiber ION in light blue. (I–M) Math1::cre descendant cells, as assessed by
X-gal detection of b-gal activity, populate all four major mossy fiber nuclei (the PGN, RTN, ECN, and LRN) but not the climbing fiber ION nucleus
(M). Asterisk in (K) shows Math1::cre descendants in regions surrounding the ECN, which are likely to include cells of the cuneate and vestibular
nuclei. (N and O) Adjacent transverse sections of an E11.5 hindbrain (r6–r8 level) showing Lmx1a ([N], open arrowhead) and Gdf7 ([O], open ar-
rowhead) transcripts. Dashed lines distinguish the ventricular zone (vz) from mantle zone (mz) and rp. (P–S) X-gal detection of b-gal-labeled cells
in Gdf7::cre;R26R doubly transgenic mice. (P) Transverse cryosection of an E11.5 hindbrain (r6–r8 level) shows marked cells in the dorsal-most
Pax6, bHLH Factors, and Rhombic Lip Fate
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clei (Figures 4R and 4S). While we previously demon-
strated that rp and CPe originate ultimately from Wnt1-
expressing neuroepithelial cells (Awatramani et al.,
2003), these present findings suggest that the CPe pri-
mordium can be refined to the Gdf7/Lmx1a subregion
of the Wnt1 domain. These results are not definitive,
however, because in addition to being expressed in
the LRL, Gdf7, Lmx1a, and cre are also expressed in
rp and CPe cells as well. Nonetheless, it is highly likely
that rp and CPe cells do indeed come from the Lmx1a/
Gdf7 domain because (1) the Math1 domain, which lies
just ventral to the Lmx1a/Gdf7 region, does not make
an appreciable contribution to rp or CPe, excluding it
as the major rp/CPe primordium; and (2) the Lmx1a/
Gdf7 domain of the LRL does not make a substantial
contribution to other cell types in the brainstem (Figures
4R and 4S), excluding it as the primordium for an alterna-
tive cell population.
Unaccounted for by these subdomain-specific Cre-
based fate mapping studies but included in the
Wnt1::Flpe fate map were climbing fiber neurons of the
ION. This indicates that the primordium for climbing fi-
ber ION neurons lies ventral to the Math1+ LRL subdo-
main with at least a portion lying within the remaining
Wnt1 territory. Thus, collectively these genetic fate
maps provide evidence that the LRL in the caudal hind-
brain partitions along its DV axis into molecularly distinct
progenitor states, each generating cells of mutually ex-
clusive fates (Figure 4T).
Pax6 Influences Progenitor Cell Subtype
within the Lower Rhombic Lip
The unique expression of Pax6 in the dorsal hindbrain
but not dorsal spinal neural tube, coupled with the
well-documented role of Pax6 in controlling progenitor
cell identity in the ventral hindbrain (Ericson et al.,
1997; Osumi et al., 1997), raised the question of whether
the protein has a role in patterning LRL progenitor cells.
To explore this possibility, we analyzed the Pax6Sey/Sey
mouse (homozygotes are fully viable until birth) that car-
ries a point mutation in the Pax6 gene which generates
an inactive truncated protein (Hill et al., 1991). At
E10.5, prior to the onset of dorsal hindbrain Pax6 ex-
pression (Figure 2), the Math1 and Ngn1 domains of
Pax6Sey/Sey and wild-type (wt) embryos were indistin-
guishable (Figures 5A–5D). However, by E11.5–E12.5,
coincident with the onset of dorsal Pax6 expression,
Pax6Sey/Sey embryos showed a dorsal expansion of the
Ngn1 domain within the LRL (compare Figures 5G and
5H and Figure S1 in the Supplemental Data available on-
line); this was especially apparent at E12.5, a stage whenNgn1 mRNA is largely absent in LRL of wt embryos but
abundant in Pax6Sey/Sey embryos (Figures 5K and 5L
and Figure S1). Concomitantly, there was a reduction
in the Math1 domain of the LRL (Figure 5E versus
Figure 5F; Figure 5I versus Figure 5J; Figure S1). These
results suggest that the spatial and temporal domains
occupied normally byMath1- andNgn1-expressing pro-
genitor cells are defined, at least in part, through Pax6
action, with Pax6 limiting the Ngn1 domain and promot-
ing the Math1 progenitor cell domain.
In the dorsal spinal cord, the bHLH factor Olig3 pro-
motes expression of Math1 and Ngn1 (Muller et al.,
2005), raising the possibility that aspects of the pattern-
ing defects observed in the LRL of Pax6Sey/Sey mutants
might be attributable to altered Olig3 expression. This
does not appear to be the case, as Olig3 is expressed
normally in the dorsal hindbrain of Pax6Sey/Sey embryos
(Figure S2). Also expressed normally are Lmx1a and
Gdf7; consistent with this finding, the rp and choroid
plexus in Pax6Sey/Sey embryos appear to form normally
(Figure 6). Thus, in LRL of Pax6Sey/Seyembryos there is
a temporal and spatial patterning defect, but overall
the dorsal hindbrain is intact.
Pax6 Regulates the Production of Brainstem Mossy
and Climbing Fiber Nuclei
The present analyses suggest that Pax6 activity allo-
cates LRL progenitor cells toward a Math1+ state at
the expense of a Ngn1+ state. Together with the genetic
fate mapping results, we predicted that the Pax6Sey/Sey
brainstem phenotype at later stages should consist of
a gain in the number of climbing fiber neurons and there-
fore size of at least parts of the ION, along with a reduc-
tion in number of mossy fiber neurons as reflected by
a decrease in size of all four major mossy fiber nuclei
(the PGN, RTN, LRN and ECN)—the latter indeed previ-
ously established with respect to the PGN (Engelkamp
et al., 1999). To test this, we examined development of
the precerebellar system in Pax6Sey/Sey embryos. As
a suitable cell identity marker for migrating and mature
mossy fiber neurons, Barhl1 mRNA (Bulfone et al.,
2000; Li et al., 2004) was employed because its expres-
sion appears to be independent of Pax6 even though co-
expressed. As a marker for migrating and mature climb-
ing fiber neurons, Brn3a mRNA (Fedtsova and Turner,
1995) was used, as it marks nearly all climbing fiber neu-
ron subtypes and is not coexpressed with Pax6 (data
not shown), making it unlikely that its expression de-
pends on Pax6. Additional climbing fiber neuron markers
employed include Rph3a (Foletti and Scheller, 2001),
Fgfr2 (Belluardo et al., 1997), andUnc5h3 (Bloch-Gallego
et al., 1999).domain of the LRL (open arrowhead) and in rp. (Q–S) Coronal sections of postnatal day 3 (P3) brain stem showing b-gal-labeled cells restricted to
CPe (Q) and not present in ION (R) or PGN (S). Inset in (Q), lower-magnification view of section showing labeled cells primarily populating CPe.
Inset in (R), adjacent section showing Brn3a mRNA validates presence of ION; inset in (S), adjacent section validates presence of PGN by Barhl1
mRNA detection. Scale bar in (A) represents 20 mm (A, B, and D–M), 10 mm (C, and N–P). (T) Diagram of transverse section of hindbrain (r6–r8 level)
summarizing genetic fate mapping results (not drawn to scale). Flpe/FlpL comparative fate mapping results are depicted on the left. A gradient of
Wnt1 mRNA expression with levels highest dorsally (darker blue) and lower ventrally (lighter blue) defines LRL territory which gives rise to three
major lineages: CPe, mossy fiber precerebellar neurons, and climbing fiber precerebellar neurons. Flpe/FlpL comparative fate mapping showed
that the CPe and mossy fiber precerbellar neurons arise from the Wnt1 mRNAhigh domain, while climbing fiber neurons originate from the Wnt1
mRNAlow domain. On the right is a summary of results from gene expression analyses and the domain-specific cre transgenics. Three dorso-
ventral subdomains of the LRL can be defined by the expression of either Lmx1a/Gdf7, Math1, or Ngn1. Lmx1a/Gdf7-expressing progenitors
likely represent the primordium for the CPe; Math1-expressing progenitors, the primordium for precerebellar mossy fiber neurons; and Wnt1
mRNAlow progenitors, many of which express Ngn1, a possible primordium for certain climbing fiber neurons (therefore dashed arrow).
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940Figure 5. Alterations in Progenitor Cell Domains within the LRL of Pax6Sey/Sey Embryos
Pattern of Math1 and Ngn1 expression in transverse sections at the r6–r8 hindbrain level of wild-type (+/+) and Pax6Sey/Sey embryos. As in Fig-
ure 2, open arrowhead indicates dorsal-most (Lmx1a) domain within the LRL; closed arrowhead, the Math1 intermediate domain; arrow, the
Ngn1 domain. Dashed lines demarcate the ventricular zone (vz) from the adjacent postmitotic mantle zone (mz) and roof plate (rp). (A–D) At
E10.5 (n = 2), a time prior to the onset of Pax6 expression dorsally, the Math1 (A and B) and Ngn1 (C and D) domains in Pax6Sey/Sey (B and D)
embryos are unaltered as compared to +/+ (A and C). By contrast, at E11.5 (n = 3) and E12.5 (n = 3), times at which Pax6 protein is readily de-
tectable in the LRL, theMath1 domain in Pax6Sey/Sey embryos (closed arrowhead in [F] and [J]) is reduced as compared to +/+ (closed arrowhead
in [E] and [I]) while the Ngn1 domain is expanded (arrow in [H] and [L]) as compared to +/+ (n = 3 E11.5; n = 5 E12.5) (arrow in [G] and [K]). Insets in
(K) and (L), lower-magnification views of each section showing persistent Ngn1 expression in the ventral half of the hindbrain serving as hybrid-
ization control. Scale bar in (A) represents 20 mm (A–L).Neurons fated to become precerebellar mossy fiber
afferents emigrate from the LRL as cohorts streaming
tangentially along the perimeter of the developing brain-
stem (just under the pial surface) in what is referred to as
the extramural migratory stream (EMS). EMS cells cir-
cumnavigate the hindbrain ventrolaterally, some anteri-
orly to populate the PGN and RTN, others caudally to
populate the LRN and ECN. By comparison to wt litter-
mates, E12.5, E14.5, and E16.5 Pax6Sey/Sey embryos
showed reduced Barhl1 hybridization signal within the
area of the EMS (Figures 6A–6C and 6E–6G). Pax6Sey/Sey
embryos, by E16.5, showed a profound reduction in
Barhl1 mRNA in the locations of all four mossy fiber nu-
clei (Figures 6C and 6D as compared to Figures 6G and
6H). On a per cell basis, similar Barhl1 expression levels
characterize mutant and wt EMS cells, consistent with
Barhl1 expression occurring independent of Pax6 andsupporting its suitability as a cell identity marker here.
Together, these findings suggest that in the absence
of Pax6, fewer mossy fiber neurons populate both the
EMS and the entire complex of precerebellar mossy fi-
ber nuclei.
Similar to precerebellar mossy fiber neurons, climbing
fiber neurons emigrate from the LRL in streams tangen-
tial to the radial axis of the developing hindbrain; how-
ever, they do so via an independent migratory stream ly-
ing within the parenchyma of the developing hindbrain
and therefore comprise what is called the intramural mi-
gratory stream (IMS) (Altman and Bayer, 1987; Bourrat
and Sotelo, 1988; Harkmark, 1954). By comparison to
wt littermates, E12.5 Pax6Sey/Sey embryos showed an in-
crease in the size of the IMS at its inception, as judged
by an increase in Brn3a mRNA hybridization signal
(Figure 6L versus Figure 6I) present at its dorsal-most
Pax6, bHLH Factors, and Rhombic Lip Fate
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(A–D) Mossy fiber neurons in the extramural migratory stream (EMS) or at their final residences in distinct nuclei (ECN, LRN, RTN, PGN) express
Barhl1. Pax6Sey/Sey embryos (E–H) show substantial reduction in Barhl1 hybridization signal both within the EMS (E and F) and at locations of the
mature nuclei (boxed areas in [G] and [H]). (I–K) Climbing fiber neurons in the intramural migratory stream (IMS) or at their final residence in the
ION expressBrn3a. Pax6Sey/Sey embryos (L–N) show an increase inBrn3a hybridization signal both within the IMS (L) and the nascent ION (M and
N). Inset in (L), an overlay ofBrn3a and Ngn1 mRNA from adjacent sections shows Brn3a hybridization signal immediately lateral to that ofNgn1,
consistent with ION neurons emerging from theNgn1 territory of the LRL. Insets in (J) and (M) show similar densities of Brn3a+ cells inPax6Sey/Sey
and wild-type (+/+) ION (boxed area). Coupled with the increase in area occupied by the ION in Pax6Sey/Sey embryos (M and N), these findings
suggest an increase in total number of climbing neurons. (O) Neurolucida-generated areas (mm2) of the right ION lobe taken from three +/+ (solid
lines) and three Pax6Sey/Sey (dotted lines) E14.5 embryos (from a single litter) show anw23 increase in area of the caudal ION in the absence of
Pax6. Data for left lobe is similar. (P) Neurolucida-generated areas (mm2) of the right ION lobe taken from three pairs of +/+ (solid lines) and three
Pax6Sey/Sey (dotted lines) E14.5 embryos sectioned serially, each probed with either Brn3a (not shown) or one of the following ION markers,
Rph3a (left), Fgfr2 (middle), or Unc5h3 (right). The data are represented on three separate graphs, as each +/+-Pax6Sey/Sey pair are from separate
litters. All markers tested fell within the rostral-caudal extent of the Brn3a+ territory. All Pax6Sey/Sey embryos show an increase in ION area, re-
gardless of marker used, as shown by Neurolucida-generated areas and in situ detection of Rph3a, Fgfr2, and Unc5h3 mRNA, insets (P). Scale
bar in (D) represents 20 mm in (A), (E), (I), and (L); 100 mm in (B), (F), (J), and (M); 200 mm in (C), (D), (G), (H), (K), and (N). Scale bars in (J) and (M)
represent 33.5 mm. 4v, fourth ventricle; cb, cerebellum; CP, choroid plexus; mz, mantle zone; vz, ventricular zone.
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Brn3a+ cells enter the IMS at its source. An overlay of
Brn3a and Ngn1 mRNA from adjacent sections showed
that the dorsal border of Brn3a abuts that of Ngn1 (Fig-
ure 6L, inset), supporting the conclusion that at least a
subset of ION neurons emerge from the Ngn1-express-
ing progenitor pool. At E14.5 and E16.5, Pax6Sey/Sey em-
bryos showed enlargement in the ION as compared with
wt littermates, especially at caudal levels where the area
occupied by Brn3a mRNA was almost twice that of con-
trols (Figures 6M–6O versus Figures 6J and 6K). The
density of Brn3a+ neurons within the enlarged ION of
Pax6Sey/Sey embryos was indistinguishable from that of
wt (Figure 6M versus Figure 6J, insets), indicating that
the expandedBrn3a domain most likely reflects an over-
all increase in the total number of Brn3a+ neurons as op-
posed to broader dispersion of a wt number of cells.
Similar increases in ION area were observed on detec-
tion of Rph3a, Fgfr2, and Unc5h3 mRNA (Figure 6P). To-
gether, these findings support a model in which the en-
larged ION in Pax6Sey/Sey embryos results from an
increase in the production of climbing fiber neurons.
This is consistent with our observed increase in Ngn1
progenitors within the Pax6Sey/Sey LRL (Figure 5 and Fig-
ure S1) and our genetic fate mapping results that point to
Ngn1 mRNA-containing territory within the LRL as at
least part of the climbing fiber primordium.
An enlarged ION could also result from misrouting of
cells from the EMS (mossy fiber) to IMS (climbing fiber);
indeed, aberrant migrations of some mossy fiber neu-
rons have been proposed to occur in rats lacking Pax6
function (Horie et al., 2003)—discerned asPax6+ cells in-
appropriately located in the medullary parenchyma. As
an enlarged ION is detectable as early as E14.5, consid-
erable stream switching would have to occur prior to
and including this stage. However, in situ detection in
Pax6Sey/Sey embryos of Barhl1 and Pax6 mRNA, robust
markers of EMS cells, showed strict localization to the
EMS; neither were detected in the medullary paren-
chyma (Figures 6E and 6F versus Figures 6A and 6B
and data not shown).
Impaired Expression of Msx Genes in the Absence
of LRL Pax6
In the dorsal spinal neural tube, domains of Math1 and
Ngn1 expression are established, at least in part, in re-
sponse to different thresholds of BMP signaling (Gowan
et al., 2001; Timmer et al., 2002). The rp in the spinal neu-
ral tube, as well as the rp and, at later stages, the CPe in
the hindbrain produce a similar set of BMPs (reviewed in
Chizhikov and Millen, 2005), raising the possibility that
Pax6 may exert its patterning action in the LRL through
interactions with the BMP signaling pathway. To test
this, we examined whether transcriptional targets of
BMP signaling, such as the Msx genes (reviewed in Da-
vidson, 1995), were altered in the dorsal hindbrain of
Pax6Sey/Sey embryos.
Prior to the onset ofPax6 expression dorsally, the pro-
files of Msx1, 2, and 3 transcripts were indistinguishable
between Pax6Sey/Sey and wt hindbrains (Figures 7A, 7E,
7I, and 7M and data not shown) as well as in dorsal spi-
nal neural tube wherePax6 is not expressed (Figures 7D,
7H, 7L, and 7P). However, coinciding with the onset of
Pax6 expression dorsally, Msx gene expression was re-duced profoundly in Pax6Sey/Sey hindbrain as compared
to wt (compare Figures 7B, 7C, 7J, and 7K to Figures 7F,
7G, 7N, and 7O). The Msx3 expression domain, being
substantially broader than that of Pax6, suggests that
Pax6 affects Msx gene expression in a cell-nonautono-
mous fashion.
Discussion
These studies suggest that underlying the diversity and
relative proportions of fates produced by the LRL is
a precisely defined suborganization regulated by Pax6.
We discuss the implications of these findings for the na-
ture of the LRL as a specialized germinative neuroepi-
thelium, for the control of progenitor cell identity within
the LRL and consequent composition of descendant lin-
eages, and for the growing list of disparate pathways
and processes influenced by Pax6.
Hindbrain Rhombic Lip Has a Spatial and Molecular
Suborganization that Is Predictive of Cell Fate
As defined a century ago (His, 1891), the LRL is the dor-
sal-most germinative territory in the caudal hindbrain
productive of tangentially migrating cells, inclusive of
progenitors whose progeny cells migrate either extra-
murally (mossy fiber neurons) or intramurally (climbing
fiber neurons). Accordingly, we operationally define
the LRL as Wnt1+ territory, as it gives rise to precerebel-
lar mossy fiber afferents, precerebellar climbing fiber af-
ferents, and the fourth ventricle CPe. This study pro-
vides evidence that each of these three major lineages
emerges from a distinct DV subdomain within the caudal
LRL: the dorsal-most subdomain is characterized by
Lmx1a and Gdf7 expression and serves as the primor-
dium for the hindbrain rp and CPe; the intermediate sub-
domain is characterized by Math1 expression and gen-
erates all four major precerebellar mossy fiber nuclei;
and the ventral-most subdomain is distinguished by
low (as opposed to high) levels of Wnt1 mRNA and
serves as the primordium for at least a subset of precer-
ebellar climbing fiber neurons. This latter domain is
comprised largely of Ngn1-expressing cells. These find-
ings suggest that constituting the LRL is a complex spa-
tial and molecular suborganization predictive of progeny
cell fate.
In addition to presenting a new model of the LRL and
its many varied descendant cell types, these genetic
fate maps permit a more precise interpretation of previ-
ously reported loss-of-function studies. For example,
elimination of Lmx1a function in Dreher mutant mice re-
sults in loss of rp, fourth ventricle choroid plexus, and at
least the precerebellar PGN (Millen et al., 2004; Millonig
et al., 2000). At least two possibilities follow: (1) Lmx1a-
expressing cells of the LRL give rise to rp, CPe, and
mossy fiber cell types, with each of these lineages har-
boring a cell-autonomous requirement for Lmx1a activ-
ity; or (2) Lmx1a-expressing cells give rise to rp and CPe
but not mossy fiber neurons—loss of the latter occurring
secondary to the loss of rp/CPe-derived patterning sig-
nals. Because our fate maps show that Gdf7/Lmx1a-ex-
pressing LRL progenitor cells give rise to rp and CPe
cells but not mossy fiber neuron subtypes and that
Math1-expressing LRL progenitor cells give rise to
Pax6, bHLH Factors, and Rhombic Lip Fate
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Pattern ofMsx1 (A–H) andMsx3 (I–P) mRNA in wild-type (+/+) (A–D and I–L) andPax6Sey/Sey (E–H and M–P) embryos at the r6–r8 level of the E10.5–
E12.5 hindbrain and at the lower cervical level of the E11.5 spinal neural tube. At E10.5, a time prior to the onset of Pax6 expression dorsally, the
Msx1 (n = 2) and Msx3 (n = 2) domains in Pax6Sey/Sey (E and M) embryos appear unaltered as compared to +/+ (A and I), with Msx1 mRNA de-
tectable in the roof plate (rp) and LRL, and Msx3 mRNA extending further ventrally to include the entire dorsal third of the hindbrain neural
tube. By contrast, at E11.5 and E12.5, times at which Pax6 protein is readily detectable in the LRL, expression of both Msx1 (n = 4 E11.5, n =
2 E12.5) and Msx3 (n = 3 E11.5, n = 2 E12.5) are reduced in Pax6Sey/Sey (F, G, N, and O) embryos as compared to +/+ (B, C, J, and K). Residual
Msx gene expression in the absence of Pax6 is limited to the dorsal-most region of the LRL. The ventral extent of Msx3 expression in +/+ hind-
brain and its reduction in Pax6Sey/Sey mutants reaches beyond the domain of Pax6 expression. (D, H, L, and P) Msx gene expression in the dorsal
spinal neural tube of Pax6Sey/Sey embryos is unaltered, consistent with the absence of Pax6 expression in this region (Figure 2T). Scale bar in (M)
represents 50 mm.mossy fiber neuron subtypes but not rp or CPe cells,
scenario two is substantiated.
The importance of genetic fate maps is further under-
scored on consideration of the Math1 null phenotype.
Elimination of Math1 results in loss of mossy fiber nuclei
(Ben-Arie et al., 2000; Bermingham et al., 2001; Wang
et al., 2005) and diminution of normal olivocerebellar
tracts, the latter indicative of defective or diminished
ION climbing fiber neuron projections (Bermingham
et al., 2001). Thus, both climbing and mossy fiber neu-
rons appear to be altered in the absence of Math1, rais-
ing the possibility of cell-autonomous requirements for
Math1 in both of these lineages. The cell-autonomous
versus -nonautonomous aspects of this phenotype can
now be examined knowing that all four major precere-
bellar mossy fiber nuclei derive from a Math1-express-
ing progenitor population and the ION progenitor pool
is topographically discrete from, yet adjacent to, this
Math1+ pool.
Based on the present panel of Cre- and paired Flpe/
FlpL-based genetic fate maps, we localize an ION pro-
genitor pool to a Wnt1 mRNAlow domain lying ventral
to Math1 and dorsal to the ventral limit of Wnt1. We pro-pose that at least a subset of ION climbing fiber progen-
itor cells is characterized molecularly by Ngn1 expres-
sion. Such a link is supported by multiple present
findings: (1) the LRL Ngn1 domain is encompassed by
and occupies the majority of the Wnt1mRNAlow domain;
(2) the neurogenetic interval of ION production corre-
sponds well with the temporal expression of Ngn1 in
the LRL; (3)Brn3a expression (climbing fiber cell identity
marker) is detectable in young migrating postmitotic
neurons lying immediately adjacent to theNgn1 progen-
itor subpopulation of the LRL; (4) in Pax6Sey/Sey mutants,
there is a temporal perdurance of the Brn3a+ IMS (data
not shown) commensurate with the preceding temporal
expansion of the LRL Ngn1 domain; (5) the expansion of
the LRL Ngn1 domain observed in Pax6Sey/Sey mutants
correlates with formation of an enlarged ION; and (6)
loss of Brn3a function results in a diminution in the num-
ber of cells comprising caudal aspects of the ION (Xiang
et al., 1996)—the same ION region identified presently as
being increased in Pax6Sey/Sey mice. Together these
findings suggest that Ngn1-expressing progenitor cells
exist in the correct AP and DV position and during the
appropriate developmental window to generate at least
Neuron
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will require adding to the present panel of fate maps re-
sults deriving from application of Ngn1-cre or -Flpe
reagents. We predict that LRL Ngn1-descendants will
include climbing fiber neurons, especially those popu-
lating caudal aspects of the ION. Because previous
studies in the dorsal spinal neural tube have shown
that cross-repressive interactions exist between Math1
and Ngn1 (Gowan et al., 2001) and because these inter-
actions are likely to be enacted in the hindbrain, we pre-
dict that some mossy fiber neurons may be marked in
a Ngn1 fate map—cycling daughter cells that have
downregulated Ngn1 expression bywE12 may then ex-
press Math1 in the absence of Ngn1-mediated repres-
sion.
It is likely that other progenitor pools immediately ven-
tral to the LRL Ngn1 domain contribute to the Brn3a+
cells of the IMS given that Brn3a mRNA juxtaposes to
the vz more ventrally as well. Interestingly, Ptf1a::cre;
R26R mice have been shown recently to harbor b-gal+
cells in parts of the ION (Hoshino et al., 2005), suggestive
that expression of Ptf1a also identifies part of the climb-
ing fiber primordium. While the expression of Ptf1a
has not been reported in relation to Lmx1a, Math1, or
Ngn1 in the LRL, it likely lies ventral to Ngn1 given the
dorsal limit observed in the spinal cord (Obata et al.,
2001, Glasgow et al., 2005). Thus, Ptf1a-expressing
progenitor cells, and likely other molecularly distinct
progenitors lying ventral to Ngn1 but within Wnt1+ terri-
tory, may represent other progenitor pools contributing
to the ION. Their relative numerical as well as topograph-
ical contributions to the ION remain to be ascertained—
indeed, ION subnuclei are likely to be parceled.
Pax6 Function in the Control of LRL Progenitor Cell
Identity and Composition of the Precerebellar
Afferent System
Previously reported histological analyses of Pax6Sey/Sey
mice reveal a disruption in formation of the PGN, LRN,
and ECN, establishing Pax6 function as essential in gen-
erating three of the four major precerebellar mossy fiber
nuclei (Engelkamp et al., 1999). Given the expression of
Pax6 both in the LRL and in young mossy fiber neurons
circumnavigating the hindbrain, Pax6 was proposed to
act either at the level of cell fate determination or migra-
tion. The latter was favored in a model whereby in
Pax6Sey/Sey embryos, precerebellar mossy fiber neurons
are generated at a normal rate but sojourn in, rather than
emigrate from, the LRL. To account for what was viewed
as a wt RTN mossy fiber nucleus, a redundant role for
Pax6 in the migration of RTN neurons (but not PGN,
LRN, or ECN neurons) was proposed; the ION was re-
ported to be indistinguishable from wt and presumed
consistent with the absence of Pax6 expression in mi-
grating climbing fiber neurons.
The present analysis of Pax6Sey/Sey embryos extends
this work of Engelkamp et al. (1999). We show not only
a diminution in the PGN, LRN, and ECN of Pax6Sey/Sey
embryos, but also (1) a diminution in the RTN, eliminat-
ing the need to invoke a redundant role for Pax6 in just
this particular mossy fiber lineage; (2) an enlargement
of the climbing fiber IMS and nascent ION, likely indica-
tive of an increase in the total number of climbing fiber
neurons produced given that their packing density is in-distinguishable from wt; and (3) a preceding increase in
Ngn1+ and decrease in Math1+ LRL progenitor popula-
tions. Coupled with the knowledge drawn from our pres-
ent genetic fate maps, these findings suggest that Pax6
plays a role in the LRL to control progenitor cell identity
through limiting the Ngn1+ progenitor cell state (likely
relevant to aspects of the climbing fiber state) while pro-
moting a Math1+ mossy fiber state. It is possible that mi-
gration defects may also contribute to the reduction of
mossy fiber nuclei observed in Pax6Sey/Sey mice, as pro-
posed previously (Engelkamp et al., 1999). Thus, Pax6
coordinates the production of the two major precerebel-
lar afferent subtypes, ensuring the correct overall com-
position of the precerebellar system.
A Role for Pax6 in the Potentiation of Hindbrain
BMP Signaling
The present studies show that in the LRL, Pax6 regu-
lates positively the expression of Msx genes. Because
the domain of altered Msx3 expression observed in
Pax6Sey/Sey mice is broader than that of Pax6 itself, it is
likely that Pax6 regulates Msx3 expression cell-nonau-
tonomously. Msx genes are transcriptional targets of
BMP signaling in most regions of the vertebrate nervous
system (as reviewed in Davidson, 1995), raising the pos-
sibility that Pax6 functions by potentiating the BMP sig-
naling pathway in the dorsal hindbrain, through which
the domains ofMsx gene expression are established. In-
deed the loss of Msx expression observed in Pax6Sey/Sey
hindbrain is similar to that found in spinal neural tube fol-
lowing the combined loss of BmprIa and BmprIb genes
in the mouse (Wine-Lee et al., 2004), expression of a
dominant-negative version of SMAD4 (Chesnutt et al.,
2004), or the expression of dominant-negative forms of
type-I BMP receptors in the chicken (Chesnutt et al.,
2004; Timmer et al., 2002).
The reduction in Msx gene expression in Pax6Sey/Sey
mutants is detectable at E11.5 coincident with the onset
of Pax6 expression dorsally; the most substantial alter-
ation in Ngn1 expression is detectable 24 hr later at
E12.5. This temporal lag, together with an established
ability of Msx transcription factors to regulate Math1
expression in the spinal neural tube (Liu et al., 2004; Tim-
mer et al., 2002), suggests a model whereby Pax6 func-
tions in the dorsal hindbrain to potentiate BMP signaling,
through which Math1 and Ngn1 expression boundaries
are maintained. Loss of Pax6 would result in a dimin-
ished BMP signaling gradient within the LRL character-
ized by a reduced area of ‘‘high-level’’ BMP signaling
and an extended area (spatially and temporally) of
‘‘low-level’’ BMP signaling. By analogy to action in the
spinal neural tube, the result in the LRL would be a re-
duced area of Math1 expression and expanded area of
Ngn1. Thus, an aspect of Pax6 function in the LRL
may be to potentiate BMP signaling so that proper DV
position-specific expression of Msx1/2/3, Math1, and
Ngn1 can occur. It remains possible, however, that Pax6
additionally or alternatively activates directly Math1 ex-
pression and represses Ngn1.
The possibility that Pax6 regulates the domains of
Math1 andNgn1 expression by potentiating BMP signal-
ing suggests an explanation for the different ION pheno-
types observed in Pax6Sey/Sey (present findings) versus
Math1 null embryos. Because of the cross-repressive
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2001), it might be predicted that loss of Math1 would
result in expansion of the Ngn1 domain and commen-
surate increase in production of ION climbing fiber neu-
rons similar to the present findings in Pax6Sey/Sey mice.
Yet, the ION of Math1 mutant embryos is reported to be
the same size as its littermate controls (Ben-Arie et al.,
1997; Wang et al., 2005). This disparity in ION phenotype
between Math1 null and Pax6Sey/Sey embryos can likely
be accounted for by differences in levels of BMP signal-
ing in the LRL of the two mutants. In Math1 null mice,
a normal BMP signaling gradient is present in the spinal
cord as reflected by wt Msx gene expression (Ber-
mingham et al., 2001), and therefore likely present in
the hindbrain. Therefore, likely present in the LRL of
Math1 null embryos, but not Pax6Sey/Sey embryos, is
a wt domain of high-level BMP signaling. Such signaling
would be expected to prevent significant dorsal and
temporal expansion of Ngn1 expression and thereby
prevent overproduction of climbing fiber neurons.
The present findings are consistent with Pax6 being
required to maintain normal levels of BMP signaling in
the post-E11.5 dorsal hindbrain. Interestingly, the onset
of Pax6 expression in the LRL coincides with the dorsal
organizing center of the hindbrain transitioning from rp
to CPe, with potential alterations in BMP production
by these structures. Such changes do not occur in the
adjacent territory of the dorsal spinal cord and might ex-
plain why this region does not require the expression of
Pax6 for proper levels of BMP signaling. It is also possi-
ble that post-E11.5, Pax6 is required for the production
of specific BMPs by the LRL itself or for molecules in-
volved in BMP processing and/or diffusion.
Biphasic Roles for Pax6 in Hindbrain
Fate Specification
As hindbrain development progresses, the ventrointer-
mediate Pax6 domain contracts while a second Pax6
domain emerges dorsally, as presently characterized.
Pax6 action in the hindbrain is therefore spatially and
temporally biphasic, having the capacity to control ven-
tral progenitor cell identity in response to Shh signaling
(Ericson et al., 1997; Osumi et al., 1997) and later control
LRL progenitor cell identity and precerebellar fate, pos-
sibly through the potentiation of BMP signaling. Under-
standing how Pax6 activity is redirected to different pro-
cesses and pathways within a single brain region, such
as the hindbrain, provides a particularly compelling ave-
nue for future study.
Experimental Procedures
Mouse Strains and Genotyping
The Pax6Sey strain (Roberts, 1967) was rederived and maintained on
a 129/SvJaeSor, C57BL/6J background. Heterozygotes, identified
by eye size, were intercrossed to obtain homozygous mutants
and littermate controls. Genotyping was performed as described
(Grindley et al., 1995). All other mouse lines were described (Awatra-
mani et al., 2003; Dymecki and Tomasiewicz, 1998; Dymecki, 2000;
Lee et al., 2000; Matei et al., 2005; Rodriguez et al., 2000; Soriano,
1999).
In Situ Hybridization and Area Calculations
Embryos were harvested in accordance with the protocol approved
by the Harvard Medical School (HMS) Animal Care and Use
Committee and prepared for cryosections (30 mm) and mRNA insitu hybridization (Hunter et al., 2005). Single-stranded digoxigenin-
or fluorescein-labeled-dUTP riboprobes directed against the follow-
ing mRNAs were used:Barhl1 (Genbank AI324745, Research Genet-
ics),Brn3a (E. Turner), Flp (Hunter et al., 2005), Fgfr2 (C. Tabin),Gdf7
(K. Millen), Hoxb4 (C. Tabin), Lmx1a (K. Millen), Math1 (Atoh1) (Gen-
bank BC010820, Open Biosystems), Msx1 (R. Maas), Msx3 (Gen-
bank BC051983, Open Biosystems), Ngn1 (Q. Ma), Olig3 (Genbank
BC057564, Open Biosystems), Pax6 (P. Gruss), Rph3a (Genbank
BE946541, B. Soares), Unc5h3 (S. Ackerman), Wnt1 (A. McMahon),
and cre (pBK-CMV-cre). For double labeling, riboprobes were hy-
bridized simultaneously (Yamagata et al., 2002). Confocal micros-
copy was performed on a True Confocal Scanner TCS SP2 (Leica).
Neurolucida software (Microbrightfield) was used to analyze ION
area on sections of E14.5 medulla probed either for Brn3a, Fgfr2,
Rph3a, or Unc5h3.
Immunodetection and Histology
Tissue sections (Awatramani et al., 2003) were microwaved 4 min in
Antigen Unmasking Solution (Vector labs), postfixed in 1% PFA in
PBS, washed in PBS, blocked in 5% goat serum, 0.1% Triton
X-100 in PBS, and incubated overnight at 4ºC with primary antibod-
ies diluted in blocking buffer: rabbit a-Brn3a, (Fedtsova and Turner,
1995) diluted 1:500; rabbit a-Pax6 (Covance) diluted 1:300. Sections
were washed in PBS and incubated with either goat a-rabbit Oregon
green (Molecular Probes) or goat a-rabbit Cy3 (Jackson Immunore-
search) diluted 1:400 in blocking buffer, washed in PBS, exposed to
1 mg/mL DAPI (Sigma) in PBS, rinsed in PBS, and coverslipped; con-
focal microscopy was performed. Detection of GFP and b-gal were
performed as described (Awatramani et al., 2003; Rodriguez and
Dymecki, 2000).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/48/6/933/DC1/.
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